Motivated by experimental nonmetallic features and high magnetic Curie temperatures of 360 and 522 K in double perovskite Ca2CrReO6 and Ca2FeReO6, we systematically investigate the structural, electronic, and magnetic properties of Ca2M ReO6 (M =Cr,Fe) by combining the modified Becke-Johnson (mBJ) exchange potential with usual generalized gradient approximation (GGA). Our full optimization leads to stable ground-state structures with monoclinic symmetry (P 21/n) consistent with experiment. The mBJ calculation successfully produces ferrimagnetic phase with semiconductor gaps of 0.38 eV and 0.05 eV, respectively, in contrast with wrong metallic phases from GGA calculations. With the spin-orbit coupling (SOC) taken into account, the Ca2M ReO6 (M =Cr,Fe) shows high magneto-crystalline anisotropy (MCA) with the magnetic easy axis along the [010] direction. Although reducing to 0.31 and 0.03 eV, the semiconductor gaps remain open in spite of the SOC broadening of the Re t2g bands. Therefore, our DFT investigation has established the correct ferrimagnetic semiconductor ground states for the double perovskite Ca2M ReO6 (M =Cr,Fe) materials. Our analysis shows that the semiconductor gaps are due to orbital-selective splitting on Re t2g bands in the minority-spin channel, originated from the O-octahedral distortion and Coulomb correlation effect. This mechanism, different from that in other double perovskite materials such as Sr2CrOsO6, Ca2CrOsO6 and Sr2FeOsO6, can be useful to fully understand chemical and physical properties of double perovskite compounds.
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I. INTRODUCTION
Because of their rich physics and high technological potential 1 , ordered double perovskite A 2 BB ′ O 6 (A = alkali, alkaline-earth or rare-earth ion; B and B ′ = transition metals) have been extensively studied [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . For cubic or tetragonal double perovskite Sr 2 BB ′ O 6 (B = Cr or Fe, and B ′ = Mo, W, or Re), ferrimagnetic metallic phase is usually formed because the fully occupied high spin state Fe 3+ (3d 5 ) or Cr 3+ (3d 3 ) is antiferromagnetically coupled with the partially filled 4d and 5d transition-metal cations 18, 19 . Among them, halfmetallic Sr 2 FeMoO 6 , Sr 2 FeReO 6 , and Sr 2 CrReO 6 have been known as prospective spintronic materials beyond room temperature 3, 5, 10, 18, 20 . On the other hand, double perovskite Sr 2 CrOsO 6 is a robust ferrimagnetic insulator with the highest magnetic Curie of 725 K, and its semiconductor gap has been shown to originate from spinexchange splitting of the Os 5d t 2g bands 18, 21, 22 . With the same origin of band gap, the recently crystallized Ca 2 FeOsO 6 presents an insulating ferrimagnetic phase below 320 K 23, 24 . Another compound Sr 2 FeOsO 6 is also revealed to be an insulator in spite of antiferromagnetic arrangement 25, 26 . Very special are double perovskite Ca 2 FeReO 6 and Ca 2 CrReO 6 . It is shown experimentally that they are ferrimagnetic insulators with monoclinic structure and have high magnetic Curie temperatures of 522 and 360 K 9, 14, 18, 20, 27, 39 , but their non-metallic electronic properties have not yet been elucidated although some efforts were made for the Ca 2 FeReO 6 material 40, 41 . In addition, their structure-property relationship needs to be understood.
Here, we investigate the structural, electronic and magnetic properties of the Ca 2 CrReO 6 and Ca 2 FeReO 6 through density functional theory calculations in order to reveal the origin of their special electronic structures, especially their semiconductor gaps at low temperature. We use Tran and Blahas modified Becke and Johnson (m-BJ) approach for the exchange potential 28 to investigate their electronic structures because its excellent accuracy has been proved for most of insulators, semiconductors, and transition-metal oxides [28] [29] [30] [31] . Our calculations reveal that the Ca 2 CrReO 6 and Ca 2 FeReO 6 are both ferrimagnetic semiconductors, even with the spin-orbit effect taken into account. Our further analysis shows that the semiconductor gaps are formed between the full-filled d xz and the empty d yz states around the Fermi level due to the mutual cooperation of O-octahedral distortion and Coulomb correlation. We also explore other properties of the two Ca-based double perovskite compounds in comparison with similar materials. More detailed results will be presented in the following.
The rest of the paper is organized as follows. We shall describe our computational details in the next section. In Sec. III we shall present our optimized ground-state structures for the two compounds. In Sec. IV we shall present our spin-dependent density of states, band structures, and electron density distributions and perform further analyses concerned. In Sec. V we shall present our calculated results with the spin-orbit effect taken into account, including their magneto-crystalline anisotropic energies, spin and orbital moments along the easy axis, and the spin-orbit-effect-modified semiconductor gaps.
Finally, we shall give our conclusion in Sec. VI.
II. COMPUTATIONAL DETAILS
We use the full-potential linear augmented plane wave (FP-LAPW) method within the density functional theory (DFT), 32, 33 as implemented in the WIEN2k package. 34 We take GGA exchange-correlation functional to do structure optimization and preliminary study 35 , and then use mBJ exchange potential to do electronic structure calculations. The scalar relativistic approximation is used for valence states, with the spin-orbit coupling (SOC) is taken into account, whereas the radial Dirac equation is self-consistently solved for the core electrons [36] [37] [38] . The magnetization is chosen to be along all nonequivalent directions for the monoclinic structure when we investigate the magneto-crystalline anisotropy. The muffin-tin radii of the Ca, Cr, Fe, Re, and O atoms are set to be 2.20, 1.96, 2.03, 1.96, and 1.71 bohr, respectively. We make harmonic expansion up to l max = 10 in the muffin-tin spheres, and set R mt × K max = 8.0. We use 1000 k-points in whole Brillouin zone (234 k-points in the reduced wedge). For testing the accuracy, we also use 2000 k-points in whole Brillouin zone (576 k-points in the reduced wedge) to do the self-consistent calculations. The total energy difference is proved to be less than 1 meV. Therefore, our choice of 1000 k-points is enough for the whole calculation. The self-consistent calculations are considered to be converged only when the integration of absolute charge-density difference per formula unit between the successive loops is less than 0.0001|e|, where e is the electron charge.
III. STRUCTURE OPTIMIZATION
The structure of Ca 2 M ReO 6 (M =Cr or Fe) has been reported to be monoclinic structure with P 2 1 /n symmetry (space group #14) at room temperature, 9, 18 which is consistent with the prediction of the empirical tolerance factor f . 18, 39 The monoclinic structure is fairly distorted from cubic double perovskite due to the small size of Ca 2+ cation, which forces the M O 6 and ReO 6 octahedra to tilt and rotate in order to optimize the Ca-O bond lengths. As a representative, we demonstrate the the crystal structure of Ca 2 CrReO 6 in Fig. 1 . Both P 2 1 /n and I4/m structures are presented for the following discussion. In order to investigate the origin of the nonmetallicity in their ground-state phases, we optimize fully their geometric structures and internal atomic positions by combining total energy and force optimizations. We have considered a larger unit cell of 2 f.u. including 20 atoms to relax the structure. The optimized lattice parameters are listed in Table I , with experimental data included for comparison. Our total energy calculations show that the ground state phase is the P 2 1 /n structure for both of the compounds, with lattice constants ex-panded slightly with respect to experimental ones. This deviation is due to the special property of the GGA functional. However, the tilt angles β of Ca 2 M ReO 6 (M =Cr and Fe) decrease by 0.22 • and 0.27 • with respect to experimental values, respectively, which reflects the large distortion at low temperature. We present in Table II optimized bond lengths and bond angles of Ca 2 M ReO 6 (M =Cr,Fe) with P 2 1 /n structure. For comparison, we also present the I4/m structure for Ca 2 CrReO 6 . It's shown that the three Cr-O bond lengths are slightly larger than Re-O ones in Ca 2 CrReO 6 , while the FeO 6 octahedra are significantly more expanded than ReO 6 octahedra in Ca 2 FeReO 6 . This observation is consistent with the ionic size sequence of Re 5+ < Cr 3+ < Fe 3+ . The bond angles in ReO 6 octa-hedra all deviate from ideal values of 90 • , so do the angles of M -O-Re from 180 • . Considering that a large number of double perovskite compounds with half-metallicity are in tetragonal structure with I4/m symmetry (space group #87), and in order to clarify the relationship between the electronic property and lattice structure, we also present the structure parameters of the I4/m structure for Ca 2 CrReO 6 in Table II . There are actually two nonequivalent kinds of O atoms in I4/m structure. The O 1 and O 2 atoms are equal to each other and in the same xy-plane. The atom O 3 sits along the z-axis with Cr or Re atoms in between. The bond lengths of Cr-O are larger than those of Re-O due to the larger ionic size of Cr 3+ versus Re 5+ . All angles in ReO 6 octahedra remain to be 90 • , while the Cr-O 1,2 -Re bond angles reduce significantly from 180 • , which makes the Cr-O 1,2 and Re-O 1,2 lengths much larger than the Cr-O 3 and Re-O 3 bonds, respectively. Our calculated total energy of Ca 2 CrReO 6 in I4/m structure are higher than that in P 2 1 /n structure by 392 meV per formula unit, indicating the P 2 1 /n structure is more stable for Ca 2 CrReO 6 . 
IV. ELECTRONIC STRUCTURES

A. Density of states and energy bands
From now on, we investigate the electronic structures of the optimized Ca 2 M ReO 6 (M =Cr,Fe). At first, we use the popular GGA functional to calculate the density of states (DOS). The spin-resolved DOSs are presented in the Ca 2 FeReO 6 , the triplet Fe t 2g states in the majority spin channel move to the lower energy between -8.2 eV and -2.2 eV, with a strong mixture of O 2p states. The Fermi energy is in the majority-spin gap of 1.4 eV between Fe e g and Re t 2g bands. In contrast, for the minority spin channel, the Fermi level lies in the partially filled t 2g bands of hybridized M , Re, and O 2p states in the Ca 2 M ReO 6 (M =Cr,Fe). Thus, the GGA calculation produces a half-metallic ferrimagnet. This is contradictory with the reported experimental results 9, 18 and can be attributed to the false GGA description of Re t 2g nature around the Fermi level in the monoclinic structure. For the sake of accurate calculation for Re t 2g state, we need to use improved exchange potential to investigate electronic structures of the Ca 2 M ReO 6 . The modified Becke-Johnson (mBJ) potential is a good choice because it is excellent in describing the hybrid transition-metal ions. 29, 42 We present the spin-resolved DOSs and energy bands of the Ca 2 CrReO 6 calculated with mBJ in Fig. 3 . It is clear that there is a semiconductor gap open at the Fermi level, which is in good agrement with experimental results 9 . Moreover, the occupied Cr t 2g and unoccupied Cr e g and Re t 2g bands in the majority spin channel are pushed substantially downwards and upwards, respectively, which consequently enhances the majorityspin gap (G mag ) to 2.5 eV. In the minority spin channel, the triplet Re t 2g states around the Fermi level split into a doublet d xy +d xz and a singlet d yz , with two electrons fully occupying the doublet state. This produces a semiconductor gap of 0.38 eV, as shown in Fig. 3(a) . The detailed orbital-resolved DOSs around the Fermi level are presented in Fig. 3(b) . Both of the unoccupied Cr t 2g and e g in the minority spin channel are pushed upwards substantially, with a little overlap between them, which enlarges the spin exchange splitting energy of Cr t 2g to 4.7 eV. respectively. The thicker a line is, the more the Re t 2g weight is. There are 72 bands (36 majority spin and 36 minority spin) in the energy window from -7.8 eV to -2.6 eV, because we consider 2 unit cell in our calculation. The energy bands between -2.0 eV and -1.0 eV consist of 6 Cr t 2g bands in the majority spin channel. There are 4 occupied bands of Re t 2g , including d xy and d xz just below the Fermi level and 2 bands of d yz above the Fermi level. It can be clearly seen that the top of the valence band and the bottom of the conduction band are located in M and Γ points, respectively, resulting in an indirect band gap for the Ca 2 CrReO 6 .
In Fig. 4 we present the spin-resolved DOSs and energy bands of the optimized Ca 2 FeReO 6 calculated with mBJ. The distinguished feature of the DOSs is that compared to GGA results, the Fe t 2g states move to lower energy in the majority spin channel, and the gaps between Fe t 2g and e g states almost vanish in both of spin channels. This can be attributed to the enhanced spin exchange effect due to mBJ functional. The semiconductor gap of 0.05eV is also observed, owing to the same reason as in the Ca 2 CrReO 6 . However, the Re t 2g splitting in the minority spin channel is much smaller than that in the majority spin channel, in contrast to the Ca 2 CrReO 6 . This result is consistent with the fact that the resistivity of the Ca 2 FeReO 6 at low temperature is almost two order of magnitude lower than that of Ca 2 CrReO 6 , because the electron inter-band transition takes place easily in the Ca 2 FeReO 6 compound. In the band structures (c) and (d) of the Ca 2 FeReO 6 , the Fe t 2g bands are pushed down to between -8.0 eV and -3.0 eV in the majority spin channel, in contrast to the minority-spin one. the energy window from -3.0 eV to -2.0 eV consists of 4 bands of Fe e g . The top of valence bands and the bottom of the conduction bands are located in N and Γ points, respectively. This implies that the semiconductor gap of the Ca 2 FeReO 6 is indirect, same as that of the Ca 2 CrReO 6 .
B. Electron density distributions
The energy-resolved charge and spin density distributions are very important to explore the bonding and magnetic properties. We present in Fig. 5 the valence charge (including up and down) and spin density distributions of the Ca 2 CrReO 6 , with all the contribution from -8.0 eV to the Fermi level, calculated with mBJ. The upper three panels are for the (001) plane of the structure shown in Fig. 1 , the lower three ones are for the perpendicular plane, being equivalent to the (110) plane, including Cr and Re ions. In the spin-up channel, the charge density distributions at Cr sites look like a quatrefoil, which reflects the fully occupied t 2g characteristic between -2 eV to -1 eV, whereas the charge density around Re is fairly small. In the spin-down channel, there is much electron density around Re, in consistence with the partially filled Re t 2g state from -1 eV to the Fermi level. The small charge density at Cr sits should result from the hybridization between Re and Cr t 2g states. In both of the spin channels, the oxygen atoms with high electron affinities attract the electrons from Cr and Re atoms to form nearly closed O 2p shells with spherically distributed charge densities. It can be seen in the charge density contours that the bonds between Cr and nearest O are almost ionic with respect to the Re-O bonds with covalent characteristic, which is in accordance with the longer bond lengths of Cr-O than Re-O ones, as described in Table II . The charge distributions also show that there exists no direct interaction between two nearest Cr-Cr or Re-Re pairs. The spin density distribution of the Ca 2 CrReO 6 in Fig.   5 (e) and (f) demonstrates that the spin moments of Cr and Re are mainly localized at the ionic sites. The contours, with an increment of 0.013µ B /a.u 3 , mean that the spin density around Cr varies from -0.5 µ B /a.u 3 to 0 and that around Re from 0 to 0.5µ B /a.u 3 . This spin density distribution indicates the antiferromagnetic coupling between the Cr and Re moments in the double perovskite Ca 2 CrReO 6 . The some deformed quatrefoils of Cr and Re ions are ascribed to the distortion of O octahedra. It is worth note that different density contours between Re and Cr sites are due to the more closed shells in the inner part of heavier Re ion compared to Cr.
As for the Ca 2 FeReO 6 , we illustrate the corresponding charge and spin density distributions calculated with mBJ in Fig. 6 . It can be seen that charge distributions at the Fe site are nearly spherical because of nearly half-filled Fe 3d orbitals, which is different from the quatrefoils shape of partially occupied Cr 3d orbitals in the Ca 2 CrReO 6 . The Fe 3d electrons that are more than half full move to oxygen sites for stabilizing the ground state, leaving the highly ionized Fe atoms, as shown in Fig. 6 . The shape of charge density around the Re site is similar to that in the Ca 2 CrReO 6 due to the same valence states of Re 
C. Further analyses
The spin exchange splitting (∆ex) and crystal field splitting (∆cf) of Cr and Fe, the spin exchange splitting ∆ex of Re ion, and the band gaps across the Fermi level in both majority-spin (G maj ) and minority-spin (G min ) channels calculated with GGA and mBJ are summarized in Table III . Here, the spin exchange splitting energy of Cr (Fe) is defined as the energy difference between the DOS weight centre of the filled Cr-t 2g (Fe-3d) spin-up states and that of the empty Cr-t 2g (Fe-3d) spin-down ones, and for Re it is similarly defined as the energy difference between the partially filled spin-down 5d states and those empty spin-up ones. Both ∆ex and ∆cf of transition-metals are significantly enhanced by mBJ calculation. As a result, the gaps in the majority spin channel are enlarged by 1.5 eV and 1.9 eV for the Ca 2 M ReO 6 (M =Cr,Fe), respectively. The semiconductor gaps are equivalent to 0.38 eV and 0.05 eV, respectively, in contrast to the wrong results from GGA. This implies that electron correlations play an essential role in forming semiconductivity on Ca 2 M ReO 6 (M =Cr,Fe) compounds due to the mBJ approach mimics the the behavior of orbitaldependent potentials and the correlation effects are treated not only for localized, but also for delocalized electron-s. The role of correlations can also be verified by the fact that the Ca 2 CrWO 6 shows insulator behavior 43 , while Ca 2 FeMoO 6 exhibits metallic conduction 44 , which is attributed to the stronger correlation strength in 5d atoms of W and Re than 4d one of Mo.
Besides electron correlations, we also investigate the effect of lattice structure on opening band gaps of Ca 2 M ReO 6 (M =Cr,Fe). The DOSs of the Ca 2 CrReO 6 in I4/m structure with both GGA and mBJ functionals are presented in Fig. 7 . It's shown that the G-GA produces a half-metallicity, which is similar to the GGA result of the Ca 2 CrReO 6 with P 2 1 /n symmetry, and however, the metallic property is not changed by using mBJ potential, although the ∆ex and ∆cf of Cr and Re are much enlarged. This comparison indicates that the semiconductor nature of the Ca 2 M ReO 6 has intimate relationship with the crystal structure. For discussing the importance of structure in detail, We present in Fig. 8 the band structures near the Fermi level in the minority-spin channel, showing the Re 5d states for the Ca 2 CrReO 6 . The corresponding states of the Ca 2 FeReO 6 are similar to those of the Ca 2 CrReO 6 . In the I4/m structure, the bond angles of CrO 6 and ReO 6 octahedra are ideal 90 • , as shown in Fig. 1 (b) , allowing the symmetry operation of rotation 45 • and translation along z axis. Therefore, the Re 5d states are preserved in high degeneration. The d xy bands are full-occupied with two electrons and lie below the Fermi level. The remainder two ones half-fill the doublet d xz +d yz states, resulting in the metallicity of the Ca 2 CrReO 6 . As for the P 2 1 /n structure, the CrO 6 and ReO 6 octahedra undergo tilting and rotation, making the bond angles deviate from 90 • . Meanwhile, the Ca atoms in different layers move oppositely, and then the symmetry along z axis is broken. The symmetry reduction urges the half-filled states to split into full-filled d xz and empty d yz ones, leading to a Peierls-like gap. This fact is consistent with the quatrefoil pattern of the spin density distribution at Re sites, as shown in Fig. 5 
V. SPIN-ORBIT COUPLING EFFECT
To investigate the effect of spin-orbit coupling on the optimized Ca 2 M ReO 6 (M =Cr,Fe), the magnetization is chosen to be approximately along [ results can be elucidated in the ionic model, where the transition-metal ions are in the (M Re) 8+ valence state. The M 3+ are in the high spin state of S=3/2 for Cr 3+ and S=5/2 for Fe 3+ according to Hund's rule, antiferromagnetically coupled with highly ionized Re 5+ with valence spin states of S=1, resulting the integer moment in Bohr magneton. Note that a large part of the spin moment is delocalized into the interstitial region, and therefore the spin moments of the individual M and Re ions appear small compared to the ionic values.
When SOC is taken into account, the total spin moments increase by 0.035µ B and 0.033µ B for the Ca 2 M ReO 6 (M =Cr,Fe), respectively, due to some increase of Re spin moment. The orbital moments of Cr and Re are both antiparallel to the spin moments, because of the less than half-filled d shell, in accordance with Hund's rule. As for the Ca 2 FeReO 6 , the orbital moments of Fe 3d is of the same sign as the spin moment, indicating that the 3d orbital is more than half-filled, consistent with Hund's rule. Our calculated Cr orbital moment of -0.018µ B is much smaller than the Fe one of 0.042µ B , which could be understood as a consequence of stronger ligand field caused by the Cr 3d orbital than by the Fe 3d orbital. For Re ion, the orbital moment is 0.192µ B or 0.183µ B for the Ca 2 CrReO 6 or Ca 2 FeReO 6 , due to the strong spin-orbit coupling in 5d orbital. The higher improvement of total magnetic moment, 0.258µ B , in the Ca 2 FeReO 6 than 0.209µ B in the Ca 2 CrReO 6 is due to the positive large orbital moment in Fe ion.
We also present the semiconductor gaps G s as the true gaps of these compounds in Table V . When SOC is included, the band gaps remain but become smaller, and is equivalent to 0.31 eV for the Ca 2 CrReO 6 and 0.03 eV for the Ca 2 FeReO 6 , respectively. In order to understand in more detail the reason of the smaller gap with SOC, the partial DOS of M and Re projected onto d orbital in the Ca 2 M ReO 6 calculated with SOC are plotted in Fig. 9 . In the presence of SOC, the bands in both of the spin channels hybridize with each other, in contrast to the pictures in Figs. 3 and 4 . The Re t 2g states around the Fermi level in one spin channel induce some states in the oppositive spin channel, especially in the Ca 2 FeReO 6 compound. Moreover, the Re t 2g characteristic states with SOC are broadened compared with those without SOC, which leads to the some reduction of the semiconductor gaps of the Ca 2 M ReO 6 . It should be pointed out that the noninteger moments in Bohr magneton in the Ca 2 M ReO 6 (M =Cr,Fe) with P 2 1 /n structure are the consequence of the mixing of spin-up and spin-down states, but the semiconductor gaps are preserved.
VI. CONCLUSION
We have used FP-LAPW method to investigate the structural, electronic, and magnetic properties of double perovskites Ca 2 M ReO 6 (M =Cr,Fe). The GGA approach has been used to do geometry optimization, and then the electronic and magnetic properties have been investigated with mBJ exchange potential for improving on description of electronic structures. Our calculated results shows that the ground-state phase assumes the P 2 1 /n structure and is a ferrimagnetic semiconductor for both of the Ca 2 M ReO 6 , being consistent with ex-periment. In the case of the Ca 2 CrReO 6 (Ca 2 FeReO 6 ) phase, we have three (five) Cr 3+ (Fe 3+ ) 3d electrons and two Re 5+ 5d electrons, respectively. The Hund's rule and the crystal field and spin exchange splitting require that three Cr 3+ (Fe 3+ ) 3d t 2g (t 2g +e g ) bands below the Fermi level in the majority-spin channel are fully filled and three Re 5+ 5d t 2g bands astride the Fermi level in the minority-spin channel are filled by two electrons, as the GGA electronic structures shows. Our calculation and comparison shows that the better mBJ exchange potential than GGA and the monoclinic lattice distortion against the I4/m structure are both necessary to obtaining the nonzero semiconductor gaps. This implies that the electron correlations are important in driving the I4/m structure to the monoclinic structure and the resulting cooperation of oxygen-octahedral distortions and electron correlations in the monoclinic phases is necessary to splitting the partially-filled Re 5d triplet bands into the fully-filled doublet bands and the empty singlet bands in the minority-spin channel. In this sense, both electron correlations and O-octahedral distortion are needed for forming the semiconductive nature of the Ca 2 M ReO 6 . When the spin-orbit coupling is taken into account, the total magnetic moments become noninteger in unit of Bohr magneton due to the mixing of spin-up and spin-down states, and fortunately, the semiconductor gaps (0.31 and 0.03 eV) remain open.
In summary, our calculated results and analyses show that the monoclinic Ca 2 CrReO 6 and Ca 2 FeReO 6 are both ferrimagentic semiconductors, being consistent with experiment, and their nonzero semiconductor gaps are formed because there exist strong interaction of oxygenoctahedral distortion and electron correlations in them. This mechanism can be useful to fully understand chemical and physical properties of double perovskite compounds.
